and 2, collagen receptors, regulate cell adhesion and a broad range of cell behavior. Their adhesion-dependent regulation of signaling associated with adhesion proteins has not been elucidated. We report a novel mechanism: the cross talk of DDR1 and E-cadherin negatively and adhesion dependently regulated both DDR1 activity and DDR1-suppressed cell spreading. E-cadherin forms complexes with both DDR1 isoforms (a and b). E-cadherin regulates DDR1 activity associated with the cell-junction complexes formed between DDR1 and E-cadherin. These complexes are formed independently of DDR1 activation and of ␤-catenin and p120-catenin binding to E-cadherin; they are ubiquitous in epithelial cells. Small interfering RNA-mediated gene silencing of E-cadherin restores both DDR1 activity and DDR1-suppressed cell spreading and increases the apically and basally located DDR1 in E-cadherin-null cells. We conclude that Ecadherin-mediated adhesions decrease DDR1 activity, which subsequently eliminates DDR1-suppressed cell spreading, by sequestering DDR1 to cell junctions, which prevents its contact with collagen ligand. discoidin domain receptor; collagen; Madin-Darby canine kidney cells CELL ADHESION, CRITICAL for regulating tissue development and maintaining its architecture, is regulated by various cell adhesion molecules (CAMs; Ref. 1). E-cadherin, a 120-kDa glycoprotein, is the most studied CAM and is highly expressed in epithelial cells (2, 3). Moreover, E-cadherin is a strong tumor suppressor. The loss of E-cadherin facilitates epithelial-mesenchymal transition and tumor progression (4). The extracellular domain of E-cadherin mediates homophylic adhesion, and the cis-dimered cytoplasmic tail binds directly to ␤-catenin and p120-catenin, which subsequently recruits ␣-catenin to the E-cadherin/catenin complex and modulates actin-filament dynamics (5). Mutations or deletions of E-cadherin in the binding sites of ␤-catenin or p120-catenin disrupt cell adhesion (6, 7). Rho kinase-dependent recruitment of myosin 2 to the cadherin adhesive contacts is critical for cells to concentrate E-cadherin at cell-cell contacts (8). The accumulation of E-cadherin/ catenin complexes at cell-cell contacts stabilizes adhesion junctions and supports cell-cell adhesions. Hakai-mediated ubiquitination of the E-cadherin complex, which induces the endocytosis of E-cadherin, dynamically remodels E-cadherin complexes at cell-cell contacts (9, 10). The endocytotic Ecadherin/catenin complexes are either degraded by their fusion with lysosomes or recycled to the plasma membrane (9, 11).
cadherin/catenin complexes are either degraded by their fusion with lysosomes or recycled to the plasma membrane (9, 11) .
The activation of receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR), induces the tyrosine phosphorylation and disassembly of the E-cadherin/catenin complex (12) . Collagen-dependent activation of integrins (nonRTKs) reduces the expression of E-cadherin, and the focal adhesion kinase disrupts the E-cadherin complex (13) . Moreover, E-cadherin-mediated adhesion negatively regulates RTK activity (14) . E-cadherin interacts with RTKs, such as EGFR, c-Met, and insulin growth factor receptor (IGFR), thereby decreasing their ligand affinity and receptor activity (15) . However, it remains unclear whether discoidin domain receptors (DDRs), collagen receptors, are regulated by E-cadherin.
DDRs, a distinct class of RTK, bind to collagen only as dimeric and not as monomeric constructs (16, 17) . Two types of DDRs have been identified, DDR1 and DDR2, which are widely expressed in fetal and adult organs and in connective tissue (18, 19) . DDR1 is more highly expressed in human ovary and lung carcinoma cells than in adjacent healthy epithelial cells, and DDR2 is present in stromal cells that surround highly invasive DDR1-positive tumor cells (18) . Five types of DDR1 isoforms (DDR1a-e) have been identified based on alternative splicing. DDR1a and DDR1b are the most abundant isoforms expressed in cells and tissue (19, 20) . DDR1b contains 37 more amino acids than the a-isoform in the juxtamembrane region.
DDR1 is involved in tumorigenesis (18) , differentiation (21, 22) , proliferation (23, 24) , migration (23, 25) , tubulogenesis (26, 27) , and wound healing (23) . DDR1-null mesangial cells showed a high proliferation rate caused by an increase of p42/p44 and p38 mitogen-activated protein kinase activity (28) . DDR1 protects cells from p53-mediated apoptosis by activating AKT and Ras/raf/MAPK cascade signaling in Saos2 cells (29) . TGF␤ and Wnt-5a signaling augment the activation of DDR1 in mammary epithelial cells (30) . Cooperative signals from integrins and DDR1 upregulate the expression of Ncadherin (31) . In contrast, ␣ 2 ␤ 1 -integrin activation reduces the expression of E-cadherin (13) . We showed that DDR1 cross talks with ␣ 2 ␤ 1 -integrin by suppressing Stat3 and Cdc42 activity to regulate branching tubulogenesis (27) and cell spreading (32) , respectively. DDR1a/b activation inhibits MadinDarby canine kidney (MDCK) cell spreading by suppressing ␣ 2 ␤ 1 -integrin-mediated Cdc42 activation at low cell density (32) . Nevertheless, our analysis of the effect of cell density on cell spreading unexpectedly revealed that the inhibitive effect of DDR1 on cell spreading was diminished at high cell density and that its mechanism remains undefined.
MDCK cells, which express both DDRs and E-cadherin, are a well-established model cell line for studying cell polarity and cadherin functions (27, 33) . E-cadherin regulates the activity of RTKs (15) and is a critical junction protein for forming adhesion junctions and tight junctions (34) . However, the association between DDR1 and E-cadherin has not been elucidated. We investigated the role of E-cadherin-mediated cell adhesion on the regulation of DDR1 activity and DDR1-suppressed cell spreading.
MATERIALS AND METHODS
Plasmids and antibodies. pcDNA3.1 expression vectors encoding hemagglutinin (HA) tagged DDR1a, myc-tagged DDR1b, and myctagged carboxyl-terminal truncated (dominant-negative) DDR1 constructs were established in our laboratory (27, 35) . The pSuper vectors encoding E-cadherin short hairpin RNA (shRNA) containing a canine E-cadherin-target small interference RNA (siRNA) were kindly provided by Ian G. Macara (University of Virginia, Charlottesville, VA). The primer set for generating the E-cadherin shRNA construct (36) was as follows: sense strand, 5Ј-gatccccGTCTAACAGGGACAAAGAAttcaagagaTTCTTTGTCCCTGTTAGACtttttggaaa-3 and antisense strand, 5Ј-agcttttccaaaaaGT-CTAACAGGGACAAAGAAtctcttgaaTTCTTTGTCCCTGTTAGACggg-3Ј.
The dexamethasone-inducible mammalian expression pLK vector encoding p120-uncoupled E-cadherin (E-cad 766), previously described (7), was kindly provided by Albert B. Reynolds (Vanderbilt University, Nashville, TN). pcDNA3 vectors encoding full-length human E-cadherin and the E-cadherin deletion mutant lacking binding sites for ␤-catenin (E-cad⌬␤-cat), previously described (6), were kindly provided by Barry M. Gumbiner (Memorial Sloan-Kettering Cancer Center, New York, NY). pEGFP-C1 plasmid encoding a green fluorescent protein (GFP) was purchased from ClonTech (Palo Alto, CA). Polyclonal anti-DDR1 (C-20) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal rat anti-HA was purchased from Roche Applied Sciences (Indianapolis, IN). Monoclonal anti-E-cadherin and anti-phosphotyrosine (4G10) were purchased from Upstate Biotechnology (Lake Placid, NY). E-cadherin-blocking antibody (DECAM-1), a monoclonal rat anti-E-cadherin, was purchased from Sigma-Aldrich (St Louis, MO). Tetramethyl rhodamine isothiocyanate-conjugated phalloidin, EGTA, and protein A-Sepharose were purchased from Sigma-Aldrich. Mouse anti-␤-actin was purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
Cell culture and transfections. MDCK cells, pig kidney cells (LLC-PK1), mouse mammary epithelial cells (NMuMG), human epithelial carcinoma cells (A431), HEK293T cells, and NIH-3T3 cells were maintained in DMEM (GIBCO-BRL, Grand Island, NY,) supplemented with 10% FBS under 5% CO 2 at 37°C. Low cell density was set at Յ5 ϫ 10 3 cells/cm 2 . High cell density was set at Ն2 ϫ 10 4 cells/cm 2 . Phase-contrast images of the cells were collected using a cooled charge-coupled device camera (Princeton Instruments, Trenton, NJ) and imaging software (Metamorph; Universal Imaging, Downingtown, PA). To block E-cadherin-mediated cell-cell adhesion by E-cadherin-blocking antibody, cells were pretreated with normal rat IgG as a negative control or DECAM-1 for 60 min, and then the cells were seeded on uncoated dishes or collagen-coated dishes with medium containing either IgG or DECAM-1 for 2 h before they were harvested. For EGTA treatment, cells (2 ϫ 10 4 cells/cm 2 ) were cultured on uncoated dishes for 24 h and then treated with 4 mM of EGTA in medium for 60 min. For the Re-calcium experiment, after the cells had been treated with EGTA, the medium containing the EGTA was replaced with medium containing 1.8 mM of CaCl 2; 60 min later, the cells were harvested. For transient transfection, expression plasmids were transfected into MDCK and HEK293T cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. To generate stable clones, transfected cells were selected in the medium containing antibiotics after 2 days. Ten days later, antibiotic-resistant cells were pooled and immunoblotting was used to analyze them for the expression of transfected proteins.
Preparing collagen-coated dishes. Type I collagen was prepared from rat-tail tendons according to the established procedure (27, 37) . The stock solution (1% collagen) contained 10 mg (dry weight) of rat-tail tendon dissolved in 1 ml of 0.025 N acetic acid. Three volumes of 1% collagen were mixed with 5.7ϫ DMEM (1 vol), 2.5% NaHCO 3 (0.5 vol), 0.1 M HEPES (1 vol), 0.17 M CaCl2 (0.1 vol), 1 N NaOH (0.1 vol), and 1ϫ culture medium (DMEM ϩ 10% FCS; 4.3 vol) under chilled conditions to prepare 0.3% collagen solution. To prepare the collagen-coated dishes, the chilled 0.3% collagen solution was added to culture dishes until it covered the surface, and then it was tilted to aspirate the excess amount of collagen solution. The collagencoated dish was washed twice with culture medium before it was used.
Cell spreading assay. A cell spreading assay was used to analyze the cells cultured under different conditions. Briefly, the cells were doubly immunostained with actin (tetramethyl rhodamine isothiocyanate-conjugated phalloidin; Sigma-Aldrich) and nucleus dye (Hoechst 33258; Sigma-Aldrich). Immunofluorescent images were taken using confocal microscopy (TCS-SP2; Leica, Bensheim, Germany), and cell diameter was evaluated with imaging software (Image-Pro Plus 6.0; Media Cybernetics, Silver Spring, MD). An individual cell was counted as "spread" when its diameter was at least twice that of the nucleus. The percentage of spread cells was evaluated as [(number of spread cells) Ϭ (total number cells in field)] ϫ 100. Data from individual assays were analyzed for statistical significance using an ANOVA, and the results are shown graphically as means Ϯ SE.
Western blotting and immunoprecipitation. The cells were washed twice with ice-cold PBS containing 1 mM of sodium vanadate, and then lysed in modified RIPA (150 mM NaCl, 1 mM EGTA, 50 mM Tris pH 7.4, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) with protease inhibitor (Complete Protease Inhibitor Cocktail Tablets; Roche Diagnostics, Taipei, Taiwan) and 1 mM of sodium vanadate. The lysates were cleared using centrifugation at 14,000 rpm for 15 min at 4°C, analyzed using Western blotting with antibodies as indicated, and then developed with enhanced chemiluminescence (ECL System; Amersham). For the immunoprecipitation assay, 500 g of cell lysates were mixed with normal serum (IgG), anti-DDR1, anti-E-cadherin, or anti-HA antibodies overnight at 4°C. Protein A beads (20 l; Sigma-Aldrich) were added and mixed at 4°C for 1 h. The protein-bound beads were washed four times with RIPA buffer, subjected to SDS-PAGE, and then immunoblotted with antibodies as indicated.
Immunofluorescence and confocal study. Cells on coverslips were washed three times with PBS and then fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. After they had been washed three times with PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min, rinsed with PBS, and then immunostained with primary antibodies as indicated for 1 h at room temperature. After they had been washed three times with PBS, the sample coverslips were exposed to Alexa 488-or Alexa 594-labeled secondary antibodies (Molecular Probes, Eugene, OR) for 1 h and then stained with Hoechst 33258 for nuclei. The coverslips were mounted in anti-fading solution, and images were taken with the confocal microscope. In each case, staining without primary antibody was done with a side-by-side parallel specimen (a negative control), which yielded a blank image.
Statistical analysis. All values are expressed as the means Ϯ SE of at least three independent experiments. A one-way ANOVA or Student's t-test was used to test for statistical differences. Statistical significance was set at P Ͻ 0.05. tumor cells (18, 19) . We previously (32, 35) showed that, when cells are cultured on collagen-coated dishes at low density, DDR1a (DA-1 cells) and DDR1b (DB-9 cells) overexpression in MDCK cells inhibits cell spreading compared with vectortransfected MDCK cells (PC11 cells) and dominant-negative DDR1-transfected cells (DN38 cells). DDR1 activation suppresses ␣ 2 ␤ 1 -integrin-mediated Cdc42 activity and cell spreading (32) . However, in the present study, aggregated cells diminished DDR1-suppressed cell spreading. To examine the effect of cell density on DDR1-suppressed cell spreading, we cultured these cells at low (5 ϫ 10 3 cells/cm 2 ) and high (2 ϫ 10 4 cells/cm 2 ) densities, either on uncoated dishes or on collagen-coated dishes. When cells were cultured on uncoated dishes, both isolated and aggregated cells exhibited high cell extension (Ͼ90%), and the cell spreading rates in low-and high-density culture did not differ (Fig. 1, B and C) . When cells were cultured on collagen-coated dishes at low density, cells were mostly isolated (Ͼ90%) without cell-cell adhesion (Fig.  1B ). DDR1-overexpressing cells (DA-1 and DB-9 cells) exhibited a markedly contracted cell shape, whereas DN38 cells showed the highest cell extension (Fig. 1 , B and C). When cells were cultured on collagen-coated dishes at high density, most of cells developed aggregation (Ͼ80%) regardless of DDR1 expression. High levels of cell extension were observed in PC11 and DN38 cells in either isolated or aggregated cell area. However, markedly contracted morphology was observed only in isolated DA-1 and DB-9 cells. Cell spreading was augmented in aggregated DDR1-overexpressing cells. Thus cellcell adhesion seems to alleviate DDR1-induced cell-contracted phenotype. These results suggest that cell density influences the inhibitory effect of DDR1 on cell spreading.
We hypothesize that cell density influences DDR1 activation and then influences cell spreading. DDR1 activation is indicated by the phosphorylation states of DDR1 (19) . On uncoated dishes, no DDR1 phosphorylation was detected in either low-or high-density-seeded MDCK cells (Fig. 1D ). On collagen-coated dishes, after 2 h, DDR1 phosphorylation was detected in low-density-seeded cells. This phosphorylation continued for 24 h. However, in high-density-seeded cells, no DDR1 phosphorylation was detected (Fig. 1D) . In PC11 cells, DDR1 phosphorylation was closely correlated with the decrease in the cell spreading rate: the cell spreading rate was 15% lower in cells cultured at low density than in cells cultured at high density (Fig. 1C) . These results suggest that cell-cell adhesions at high density abolish DDR1 phosphorylation on collagen-coated dishes.
E-cadherin-mediated cell adhesion suppressed DDR1 activation. E-cadherin forms homophilic intercellular adhesions in aggregated epithelial cells (2) . Recent studies (14, 15) report that E-cadherin negatively regulates RTK activation. Accordingly, we investigated whether E-cadherin is involved in suppressing DDR1 phosphorylation at high cell density. DECAM-1, an E-cadherin-blocking antibody, disrupts E-cadherin-mediated cellcell adhesion in MDCK cells (15) . On collagen-coated dishes, DDR1 phosphorylation in high-density-seeded cells cultured with DECAM-1 was markedly restored to a level similar to that in those cells cultured without DECAM-1 at low density ( Fig. 2A) . To confirm the role of E-cadherin in the suppression of DDR1 phosphorylation, we depleted E-cadherin from MDCK cells by using an E-cadherin shRNA construct (siRNA), which contained a canine E-cadherin-target siRNA sequence in pSuper vector. Cells were transiently transfected with pSuper vector as a control (mock) or E-cadherin siRNA. Two days posttransfection, the efficiency of E-cadherin knockdown was assayed using immunoblots and the immunofluorescence of cells. Quantitative immunoblotting shows E-cadherin depleted to 10 -20% of control values with transient transfection (Fig. 2B) ; the efficiency of the transfection was estimated to be 70%. Efficient E-cadherin depletion in transfected cells was confirmed with immunofluorescence (see Fig. 6A ). In support of the result in Fig. 2A , we showed that, at high cell density, DDR1 phosphorylation was restored in the siRNA-transfected cells on collagen-coated dishes (Fig. 2C) .
We also examined the effect of E-cadherin on the suppression of cell spreading in DA-1 and DB-9 cells. In DA-1 and DB-9 cells cultured at high density on collagen-coated dishes, DDR1 phosphorylation was detectable and slightly greater than in PC11 cells cultured at low density (Fig. 2D) . In DA-1 and DB-9 cells cultured at low density, however, DDR1 phosphorylation was markedly greater, which closely correlated with the suppression of cell spreading on collagen-coated dishes in DA-1 and DB-9 cells (Fig. 1C) . That is, the more the DDR1 in cells was phosphorylated, the more the cell spreading decreased. E-cadherin was efficiently depleted in siRNA-transfected DA-1 and DB-9 cells (Fig. 2E) . siRNA-transfected DA-1 and DB-9 cells cultured at high cell density on collagen- . Detection of DDR1 phosphorylation in control MDCK cells (PC11) treated with (ϩ) or without (Ϫ) E-cadherin-blocking antibody (DECAM-1) was as described in MATERIALS AND METHODS. Cell lysates were immunoprecipitated with anti-DDR1 antibody and then probed with 4G10 or anti-DDR1 antibody in separated gel. B: detection of E-cadherin expression in E-cadherin (E-cad) small interfering (si)RNA-transfected PC11 cells. Cells were transfected with empty vector (pSuper) as a negative control (mock) or E-cadherin siRNA (E-cad siRNA). Expression level of E-cadherin was analyzed using immunoblotting with anti-E-cadherin. C: 48 h after they had been transfected, PC11 cells were cultured on uncoated dishes or collagen-coated dishes at high density for 24 h. Cell lysates were immunoprecipitated with anti-DDR1 and then probed with 4G10 or anti-DDR1 antibody in separated gel. D: comparison of DDR1 phosphorylation in PC11, DA-1, and DB-9 cells with 4G10 at low or high density as indicated. Cells were cultured on collagen-coated dishes for 24 h. Total cell lysates were subjected to immunoprecipitation with anti-DDR1 antibody. For quantification of DDR1 precipitated, Western blotting of precipitated DDR1 with anti-DDR1 antibody was done. To assess relative DDR1 phosphorylation levels, an equal amount of precipitated DDR1 was applied to each lane for Western blotting with anti-phosphotyrosine (4G10; top) or anti-DDR1 antibodies (bottom) in separated gel. Number below top represents ratio of phospho-DDR1 vs. precipitated DDR1 that expressed as relative to that of ratio in PC11 cells, which was defined as 1. E: detection of E-cadherin expression in E-cadherin siRNA-transfected DA-1 and DB-9 cells. Cells were transfected with empty vector (pSuper; mock) or E-cad siRNA. Expression level of E-cadherin was analyzed using immunoblotting with anti-E-cadherin. F: 48 h after they had been transfected with mock or E-cadherin siRNA, cells were cultured on collagen-coated dishes at high density for 24 h. Cell lysates were immunoprecipitated with anti-DDR1 and then probed with 4G10 or anti-DDR1 in separated gel. Number below top represents ratio of phospho-DDR1 vs. precipitated DDR1 that expressed as relative to that of ratio in mock-transfected cells, which was defined as 1. G: quantitative analysis of cell spreading in mock-or E-cadherin siRNA-transfected DA-1 and DB-9 cells. Forty-eight hours after they had been transfected, cells were cultured at high density for 24 h. Columns are mean (n ϭ 70, 3 independent experiments), and bars are SE. *P Ͻ 0.05 compared with mock-transfected DA-1 cells.
# P Ͻ 0.05 compared with mock-transfected DB-9 cells. Low density ϭ 5 ϫ 10 3 cells/cm 2 ; high density ϭ 2 ϫ 10 4 cells/cm 2 .
coated dishes showed marked restoration of DDR1 phosphorylation (Fig. 2F ), which correlated with the decrease of cell spreading in siRNA-transfected DA-1 and DB-9 cells cultured on collagen-coated dishes at high density (Fig. 2G) . These results together suggest that E-cadherin promotes cell spreading by inhibiting DDR1 phosphorylation. Both DDR1 isoforms interacted with E-cadherin. E-cadherin interacts with RTKs, such as EGFR and IGFR, and subsequently modulates their activities (15) . An immunoprecipitation assay used to investigate whether E-cadherin interacts with DDR1 showed that both DDR1a, expressed in DA-1 cells (Fig. 3, A and C) , and DDR1b, expressed in DB-9 cells (Fig. 3, B and D) , formed complexes with E-cadherin. Moreover, quantitative immunoblotting showed that there was no significant difference in the number of DDR1-E-cadherin complexes in cells cultured on collagencoated dishes and uncoated dishes (Fig. 3, A and B) . We also examined the effect of cell density and EGTA that disrupted the E-cadherin-mediated adhesion on the number of DDR1/Ecadherin complexes. Although there was a slight increase of the total protein of E-cadherin, but not of DDR1, in confluent cells (6 ϫ 10 4 cells/cm 2 ) compared with cells at low density (5 ϫ 10 3 cells/cm 2 ), the immunoprecipitation results showed that neither the change in cell density (data not shown) nor the EGTA-disrupted cell adhesion changed the number of DDR1/ E-cadherin complexes formed in MDCK cells (Fig. 3E) . We confirmed this interaction in HEK-293T cells, which expressed no endogenous DDRs or E-cadherin, by transiently transfecting plasmids encoding DDR1 isoforms (a or b) or E-cadherin. We showed that both DDR1a and DDR1b interacted with E-cadherin in HEK-293T cells (Fig. 3F) .
DDR1 formed complexes with E-cadherin in various cell lines.
To determine whether the interaction of E-cadherin and DDR1 was a general phenomenon, we used four types of epithelial cells that expressed both endogenous DDR1 and E-cadherin (Fig. 3G) . Endogenous E-cadherin levels expressed in both MDCK and A431 cells were higher than in LLC-PK1 and NMuMG cells. An immunoprecipitation assay revealed that DDR1 had formed complexes with E-cadherin both in normal epithelial cells (MDCK, LLC-PK1, and NMuMG) and in carcinoma cells (A431; Fig. 3H ), which suggests that this complex formation may be ubiquitous in epithelial cells.
DDR1 formed complexes with E-cadherin at the cell junction.
Immunofluorescent staining was used to examine the localization of DDR1 and E-cadherin in subconfluent DA-1 and DB-9 cells. Images were obtained after 24 h and selected to include aggregated cells (Fig. 4, A and B) . The cell spreading of aggregated DA-1 and DB-9 cells cultured on collagencoated dishes was slightly less than that of those cultured on uncoated dishes. In agreement with the immunoprecipitation results shown above, we showed that membrane-stained DDR1 isoforms (a and b) were colocalized with E-cadherin in the entire region of the lateral membrane in cells cultured both on uncoated and on collagen-coated dishes (Fig. 4, A and B) . Furthermore, a certain amount of apically and basally localized DDR1, most of which was not colocalized with E-cadherin, was also found in these cells (Fig. 4C) . Apical DDR1 was evident in DA-1/OD and GC cells as well as in DB-9/GC cells but was not detected in DB-9/OD cells. Basal DDR1 was evident in DB-9/OD and GC cells as well as in DA-1/GC cells but was not detected in DA-1/OD cells. As the plates are coated with collagen, cells are mostly in contact with coated collagen, and there is no or little soluble collagen present. It is reasonable that, on collagen-coated dishes, basal DDR1 may contribute to contact with coated collagen and cause DDR1 phosphorylation in cells cultured at high density (as shown in Fig. 2D ).
Endocytosis dynamically regulates E-cadherin-mediated adhesion (9, 10). A phorbol ester, TPA, disrupts the cell-cell adhesion of MDCK cells by triggering the endocytosis of E-cadherin (38) . To confirm that E-cadherin had formed complexes with DDR1, we used immunofluorescent staining to examine whether TPA triggered the endocytosis of DDR1/Ecadherin complexes. TPA treatment caused the cells to dissociate and scatter, which was concomitant with increasing cytosolic staining of the DDR1/E-cadherin complexes in the cells at 4 -6 h (Fig. 4D) . At 12 h, the stain in the DDR1/E-cadherin complexes had redistributed from the cell membrane to the perinuclear area.
DDR1 formed complexes with E-cadherin independently of ␤-catenin and p120-catenin. The cis-dimered cytoplasmic tail of E-cadherin directly binds with ␤-catenin and p120-catenin at different sites (5, 39) . It is possible that the formation of DDR1/E-cadherin complexes is mediated through ␤-catenin or p120-catenin. To answer this question, we used NIH3T3 fibroblast cells with stable transfections of empty vector (3TV1), DDR1a (3TDA), or DDR1b (3TDB; Ref. 27 ). 3TDA and 3TDB cells were transiently transfected with plasmids encoding wild-type E-cadherin, the E-cadherin deletion mutant that lacks binding sites for ␤-catenin (E-cad⌬␤-cat; Fig. 5A ), or the E-cadherin mutant deficient for p120-catenin binding (E-cad 766; Fig. 5D ). Expression of these E-cadherin mutants in 3TDA and 3TDB cells was confirmed with Western blotting (Fig. 5, A and D) . Immunoprecipitation assays used to examine the interaction of DDR1 with these E-cadherin mutants showed that both DDR1a and DDR1b formed complexes with either E-cad⌬␤-cat (Fig. 5, B and C) or E-cad 766 (Fig. 5E ) as efficiently as did wild-type E-cadherin. These results suggest that the interaction between DDR1 and E-cadherin is mediated neither by ␤-catenin nor by p120-catenin.
E-cadherin localized DDR1 to cell-cell junctions. In subconfluent MDCK cells (Fig. 4, A and B) , which have loose junctions in cell-cell contact, DDR1 was predominantly localized at cell junctions (lateral sites) and secondarily at the apical and basal sites of cells. In confluent MDCK cells (see mock in Fig. 6, B and C) , where the adhesions are more extensive and form tight adhesion junctions (15), DDR1 was exclusively localized at the cell junctions (lateral sites) and colocalized with E-cadherin. Because E-cadherin forms complexes with DDR1 and because the increase of lateral-localized DDR1 was concomitant with the accumulation of E-cadherin at cell junctions, we hypothesized that E-cadherin contributes to bringing DDR1 to cell junctions after cell-cell contact. To test this hypothesis, we depleted E-cadherin in DA-1 cells by transiently transfecting them with E-cadherin siRNA and then determined the distribution of DDR1 with immunofluorescence staining. siRNA-transfected DA-1 cells were plated onto uncoated chamber slides at a sufficient density to form a confluent monolayer. The cells were fixed and stained after 24 h, and the images were selected to include both transfected and nontransfected cells. DA-1 cells were transfected with siRNA plus pEGFP-C1 as a transfection marker (Fig. 6A ). E-cadherin was depleted in the siRNA-transfected cells at . To detect the number of DDR1/E-cadherin complexes, cell lysates of DA-1 cells (A) and DB-9 cells (B) were immunoprecipitated with normal serum (IgG) or anti-DDR1 and then immunoblotted with anti-E-cadherin or reprobed with anti-DDR1. Ratio of immunoprecipitated E-cadherin vs. DDR1 was measured and expressed as relative to that of ratio in cells cultured on uncoated dishes, which was defined as 1. Columns (mean) are from are independent experiments, and bars are SE. Cell lysates of DA-1 (C) or DB-9 (D) cells were immunoprecipitated with IgG or anti-E-cadherin antibody and then immunoblotted with anti-DDR1 or reprobed with anti-E-cadherin. E: disrupting calcium-dependent adhesions with EGTA did not alter the interaction of DDR1 with E-cadherin in MDCK cells. Cells (2 ϫ 10 4 cells/cm 2 ) were treated without EGTA (C) or with EGTA to disrupt calcium-dependent adhesion (EGTA). Re-Ca, after cells had been treated with EGTA, they were treated with DMEM containing CaCl2 to restore calcium-dependent adhesion, as described in MATERIALS AND METHODS. Cell lysates were immunoprecipitated with anti-DDR1 and then immunoblotted with anti-E-cadherin or anti-DDR1 in separated gel. Left, representative immunoblot; right: quantitative results of the number of DDR1/E-cadherin complexes. Ratio of immunoprecipitated E-cadherin vs. DDR1 was measured and expressed as relative to that of ratio in cells cultured on uncoated dishes without EGTA treatment, which was defined as 1. Columns (mean) are from 3 independent experiments, and bars are SE. F: both DDR1a and DDR1b interacted with E-cadherin in HEK-293T cells. Cells were transiently transfected (ϩ) with plasmids encoding DDR1a, DDR1b, or wild-type E-cadherin. Cell lysates were immunoprecipitated with anti-DDR1 and then immunoblotted with anti-E-cadherin or reprobed with anti-DDR1. G: detection of DDR1 and E-cadherin expression in various epithelial cells. MDCK, Madin-Darby canine kidney distal tubular cells; LLC-PK1, pig renal proximal tubular cells; NMuMG, mouse mammary gland cells; A431, human skin epidermoid carcinoma cells. H: ubiquitous interaction of DDR1 and E-cadherin in various epithelial cells. Cell lysates were immunoprecipitated with normal serum (IgG) or anti-DDR1 and then immunoblotted with anti-E-cadherin or reprobed with anti-DDR1. confluence (Fig. 6A) . Consistent with another report (36) , E-cadherin-null cells remained in cell-cell contact with each other (Fig. 6, A and B) . Quantitative analysis of apically and laterally localized DDR1 in both the nontransfected cells and the E-cadherin siRNA-transfected cells showed that significant amounts of DDR1 had relocated to the apical and basal sites in E-cadherin-null cells (Fig. 6, B-D) . These results suggested that E-cadherin localized DDR1 to cell junctions after cell-cell contact, which may prevent DDR1 from contact with collagen that inhibits the phosphorylation of DDR1 and subsequently increases cell spreading.
DISCUSSION
Our previous studies (32, 35) with MDCK cells show that ␣ 2 ␤ 1 -integrin positively and DDR1 negatively regulate collagen-mediated cell spreading by modulating Cdc42 activity (32) . Notably, DDR1-mediated suppression of Cdc42 activity and cell spreading were observed in cells cultured at low density but not at high density, but their mechanisms have not been clarified. We focused on how the cell density and Ecadherin influence the function of DDR1 on collagen-mediated cell spreading. We hypothesize that E-cadherin-mediated cell adhesions abolish DDR1 activity by localizing DDR1/E-cadherin complexes to cell-cell junctions and then abrogating the interaction between DDR1 and collagen. This hypothesis is supported by two findings in this study. First, depletion of E-cadherin noticeably restored DDR1 activity, and second, it redistributed the lateral DDR1 to the apical and basal sites of the cell membrane. The findings that both DDR1 isoforms formed complexes with E-cadherin in cells cultured on uncoated dishes, without its ligand collagen, suggest that forming DDR1-E-cadherin complex is ligand independent.
In this study, we used MDCK cells as a model to examine the distribution of DDR1 isoforms in polarized cells. MDCK cells are a well-established model cell line for studying cell polarity (45) ; however, the precise localization of DDR1 in polarized cells has not been identified. To localize DDR1 in cells and to avoid the nonspecificity of commercialized DDR1 antibody, we used stable clones that expressed either HAtagged DDR1a or Myc-tagged DDR1b fusion proteins and then were localized DDR1 with tag antibodies. We showed that DDR1 localized primarily at a lateral site in confluent cells; however, DDR1 localized to both apical/basal and lateral sites in subconfluent cells. E-cadherin/catenin complexes accumulated at cell-cell contacts to support cell adhesiveness (8) . DDR1 colocalized with E-cadherin at the lateral sites of cells. The signal codes for the lateral targeting of DDR1 during cell-cell contact are mediated at least through the E-cadherinbased lateral targeting or the DDR1 signaling. Our findings that DDR1 localized at the lateral sites of cells, cultured on either uncoated dishes or collagen-coated dishes, and that E-cadherin depletion significantly relocated DDR1 to the apical/basal sites of cells suggest that E-cadherin-based lateral targeting, but not DDR1 signaling, is critical for the basolateral targeting of DDR1. We have not only identified the distribution and interaction partner of DDR1, but we have also unraveled the functions of the DDR1/E-cadherin complex in modulating DDR1 activity and collagen-mediated cell spreading.
Endocytosis dynamically regulates E-cadherin-mediated adhesion and receptor responses. Despite many reports (38, 40) on RTK regulation via endocytosis, little is known about a similar role for DDR receptors. TPA is well known to trigger the endocytosis of E-cadherin in MDCK cells (38) . The results that TPA triggered the endocytosis of both DDR1 and Ecadherin in MDCK cells suggest that the endocytosis of DDR1 is mediated through the formation of DDR1/E-cadherin complexes. It may also provide a new concept that DDR1 activity is regulated through coendocytosis with the E-cadherin complex, which contrasts with the current notion that DDR1 activity is regulated only by ligand binding (19) , cofactordependent activation (41) , receptor shedding (42) , and dominant-negative mutants of DDR1 (20) . A recent study (43) indicates that collagen stimulation induces the endocytosis of DDR1 dimers at time scales much before receptor activation (Ͻ30 min) in isolated cells without cell-cell adhesion. It would be interesting to investigate whether the collagen-induced endocytosis of DDR1 will also be present in epithelial cells and regulated by E-cadherin.
Our findings support a previous conclusion (15) that the effects of E-cadherin on RTKs, such as EGFR and IGFR, are adhesion dependent. MDCK cells form extensive junctions via E-cadherin-mediated cell adhesion at increasing cell density (15) . We showed that E-cadherin's inhibition of DDR1 activity was cell density and adhesion dependent. The degree of DDR1 activation was diminished in high-density-seeded cells. This inhibition was abrogated when the adhesive function of Ecadherin was disrupted by a neutralizing antibody or E-cadherin siRNA. Moreover, our findings that neither the change in cell density nor the EGTA-induced disruption of cell adhesion altered the formation of DDR1/E-cadherin com- Fig. 5 . Interaction between DDR1 and E-cadherin occurred independently of ␤-catenin and p120-catenin. A: detection of the E-cadherin or E-cadherin deletion mutant (E-cadherin-⌬␤-catenin) expression in 3TDA and 3TDB cells. 3TDA and 3TDB cells were transiently transfected with empty vector (Vec) or plasmids encoding wildtype E-cadherin or E-cadherin deletion mutant that lacked binding sites for ␤-catenin (E-cad⌬␤-cat). Cell lysates were analyzed using immunoblotting with antibodies as indicated. 3TDA (B) or 3TDB (C) cells were transiently transfected with vector or plasmids encoding wild-type Ecadherin or E-cad⌬␤-cat. Cell lysates were immunoprecipitated with normal serum (IgG) or anti-DDR1 and then immunoblotted with anti-Ecadherin or reprobed with anti-DDR1 antibody. D: detection of E-cadherin or wild-type E-cadherin or p120-uncoupled E-cadherin expression in 3TDA and 3TDB cells. 3TDA and 3TDB cells were transiently transfected with empty vector or plasmids encoding wild-type E-cadherin or Ecadherin mutant deficient for p120-catenin binding (E-cad 766). Cell lysates were analyzed using immunoblotting with antibodies as indicated. E: both DDR1a and DDR1b interacted with p120-uncoupled E-cadherin (E-cad 766). Cell lysates were immunoprecipitated with anti-DDR1 and then immunoblotted with anti-E-cadherin or reprobed with anti-DDR1 antibody.
plexes in MDCK cells suggest that the formation of complexes between DDR1 with E-cadherin in MDCK cells is independent of cell density.
The cytoplasmic domain of DDR1 contains several consensusbinding modules that potentially interact with other signaling molecules (19, 44) , which may contain the signal code for the formation of DDR1/E-cadherin complexes. Nevertheless, our finding that the number of DDR1/E-cadherin complexes was independent of collagen stimulation or DDR1 activation (Fig. 3, A  and C) suggests that the DDR1 downstream signaling pathway is not involved in forming these complexes. We also showed that DDR1/E-cadherin complexes form ubiquitously both in healthy epithelial cells (MDCK, LLC-PK1, and NMuMG) and in cancerous epithelial cells (A431). Given that DDR1 and E-cadherin both regulate several cell behaviors, it is reasonable to hypothesize that the DDR1/E-cadherin complex modulates important cellular functions and signaling in healthy and carcinoma cells. Our results support this and suggest that the DDR1/E-cadherin complex negatively regulates DDR1 activity and collagen-mediated cell spreading. However, it is not clear whether other cell functions previously reported to be regulated by DDR1, such as cell migration, proliferation, and apoptosis (27, 35) , are cell-density-dependently modulated by E-cadherin.
Qian et al. (15) reported that E-cadherin negatively regulates RTK activity by decreasing its ligand-binding ability. Our results support this and suggest that E-cadherin localizes Total amount of apical-basal localized DDR1 in each cell was quantified using Image-Pro software. An XZ section image that contained both E-cadherin-expressing nontransfected cells and E-cadherin-null cells was selected and quantified. In each XZ section image, average amount of apical-basal localized DDR1 in E-cadherin-null cells was expressed as relative to that of E-cadherin-expressing nontransfected cells, which was defined as 1. Columns are mean (n ϭ 25 of XZ section images), and bars are SE. *P Ͻ 0.05, compared with the E-cadherin-expressing nontransfected cells. DDR1 to cell junctions, which may prevent its contact with collagen, and subsequently eliminates DDR1 activity and DDR1-suppressed cell spreading. Overexpression and DDR1 activation are frequently found in human cancer cells, and both have been implicated in tumorigenesis (18) , but little is known about their mechanisms. Downregulating E-cadherin may contribute to the frequently observed activation of RTKs in tumors (15) . Our finding that E-cadherin depletion augmented DDR1 activity may have implications for the pathological processes associated with both the frequently observed downregulation of E-cadherin and the activation of DDR1 in some cancer cells.
